Abstract. DNA methylation is an important regulator of gene transcription, and its role in carcinogenesis has been a topic of considerable interest in previous years. The present study examined the influence of DNA methyltransferase 3b (DNMT3b) on cell proliferation, migration and invasion, and the methylation status of identified tumor suppressor genes in hepatoma SMMC-7721 and BEL-7402 cells. DNMT3b was silenced by small interfering RNA (siRNA) in human hepatocellular carcinoma cell lines. Transfection efficiency was verified using a fluorescent imaging system, reverse transcription polymerase chain reaction (RT-PCR) and western blotting. A cell proliferation assay was performed to evaluate cell viability. Cell cycle distribution and apoptosis were analyzed by flow cytometry. The migratory and invasive ability of cells was measured using a Transwell assay. Methylation-specific PCR (MSP) was performed to assess methylation in the promoter region of genes. The present data revealed that DNMT3b siRNA successfully inhibited expression of the DNMT3b gene in these two liver cancer cell lines and therefore inhibited the proliferation of the transfected cells, stimulated apoptosis in the cells, led to an accumulation of cells in the G 2 /M phase and decreased cell migration and invasion. It was also found that silencing DNMT3b expression results in hypomethylation of specific sets of gene promoters and increases the expression of distinct set of genes in HCC cell lines. The present study is therefore useful for assessing the specificity of emerging action based on the altered expression of associated regulatory genes, particularly in methylation-silenced genes.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common type of cancer, the third leading cause of cancer-associated mortality worldwide and the second leading cause of cancer-associated mortality in China (1, 2) . HCC is caused by a complex interaction between numerous factors (3) . Aberrant hypermethylation of CpG islands has recently been implicated in hepatocarcinogenesis, and it has been reported that tumor suppressor genes in HCC are affected by silencing through hypermethylation (4) . It is well known that DNA methylation is involved in the early developmental stages of HCC in patients with a history of chronic liver disease. It has recently been suggested that aberrant DNA methylation of CpG islands in HCC is an early and frequent event, and that the stepwise progression of methylation events contributes to multistep hepatocarcinogenesis (5) (6) (7) .
DNA methylation is one of several epigenetic mechanisms that cells use to control genes and it plays an important role in regulating cell growth and differentiation, signal transduction, DNA repair, tumor metastasis and angiogenesis (8, 9) . The mammalian genome encodes two cytosine methyltransferases of the DNMT3 family, DNMT3a and DNMT3b. The two enzymes are of considerable significance in de novo DNA transmethylation and maintenance of methylation (10, 11) . DNA methyltransferase 3b (DNMT3b) is the enzyme that is primarily responsible for methylation of certain genomic regions, including pericentromeric repetitive sequences and CpG islands on the inactive C chromosome. If the DNMT3a and DNMT3b enzymes are defective or absent, cancer cells not only lose methylation at satellite sequences but acquire methylation in normally unmethylated promoter regions (12) .
The level of DNMT1, DNMT3a and DNMT3b mRNA in HCC is significantly increased compared with non-cancerous liver tissues (13) . The methylated sequences are not recognized by transcription factors, which prevents the expression of corresponding genes. Tumor suppressor genes are silenced by hypermethylation in numerous cancer types (14, 15) . Gene silencing by epigenetic mechanisms, including DNA methylation, has been reported to contribute to HCC development (16) (17) (18) . These epigenetic mechanisms, alone or in combination with genetic modifications such as mutations, may lead to the inactivation of tumor suppressor genes, including RASSF1a and APC, and therefore promote hepatocarcinogenesis (19) (20) (21) (22) (23) .
In the present study, the role of DNMT3b in the regulation of the cell cycle, initiation of apoptosis, and migratory and invasive ability of liver cancer cells was investigated and the effect of the methylation status of CpG promoter islands of known tumor suppressor genes was also investigated in the HCC cells. Cell culture. The human HCC SMMC-7721 and BEL-7402 cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and grown in RPMI-1640 supplemented with 10% FBS, 100 units/ml penicillin and 100 units/ml streptomycin at 37˚C in a humidified incubator with a 5% CO 2 atmosphere. The cells were used in experiments when they reached >80% confluency.
Materials and methods

Antibodies
siRNA transfection. In total, 50 nmol/l DNMT3b siRNA (Santa Cruz Biotechnology, Inc.) or 50 nmol/l control siRNA was transfected into cells by lipofectin (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. Briefly, the cells were seeded in six-well plates and incubated overnight, and then transfected with 50 nmol/l siRNA for 6 h using 6 µl lipofectin per well. The cells were cultured for an additional 48 h prior to the experiment being performed. Images of the fluorescence of fluorescein-labeled control siRNA in SMMC7721 cells were captured using a Nikon microscopic fluorescent imaging system (Nikon, Tokyo, Japan) to determine the transfection efficiency. The parameters of the fluorescent filter were: Excitation filter 435/10 (catalog no., MBE 34232); dichtoic mirror DM455 (catalog no., MBE 34270); and barrier filter NBA480 (catalog no., MBE 34535).
MTT cell proliferation assay. Cell proliferation was evaluated using an MTT cell viability assay, as previously described (22) . The cells for the cell proliferation assay were in the log phase of growth throughout the assay. In total, 3x10 3 cells/ml were cultured in a 96-well plate. MTT was added at 24 and 36 h after siRNA transfection. The cells were incubated for 4 h in the presence of the MTT reagent, and the cells were then lysed with dimethyl sulfoxide (DMSO). The optical density (OD) was measured by determining the absorbance at 490 nm. The assay was repeated at least three times. The ratio of the mean OD at 490 nm in the transfection groups compared with the OD at 490 nm in the control group was used to demonstrate the cell survival rate.
Total protein and genomic DNA extraction. Total protein and genomic DNA were extracted 36 h after transfection. In general, the cells were detached and collected using trypsin, washed three times using PBS and then mixed with fresh lysis solution consisting of 50 mmol/l Tris, 0.3 mol/l NaCl, 0.5% Triton X-100, 30 µg/ml leupeptin and 5 µg/ml aprotinin. The mixture was then centrifuged at 20,000 x g for 20 min at 4˚C. The supernatant contained the total cell protein, and the protein concentration was determined using the Bradford method. Extraction of genomic DNA was performed using the Genomic DNA Mini kit (Qiagen, Shanghai, China), according to the manufacturer's instructions. The concentration was quantitatively analyzed by measuring the OD 260 using the NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, DE, USA) and the purity was quantitatively analyzed using the ratio of OD 260 to OD 280 .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total mRNA was extracted by RNAiso Plus (Takara Bio, Inc., Otsu, Japan) and 2 µg of mRNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase, ribonuclease H minus (Takara Bio, Inc.). PCR was performed using cDNA, specific primers and PCR master mix (Takara Bio, Inc.). The cDNA products were separated by electrophoresis on 1.5% (w/v) agarose gels and visualized under ultraviolet light subsequent to ethidium bromide staining. RT-qPCR was performed on a Real-Time PCR Optical System (Bio-Rad Laboratories, Hercules, CA, USA), SDS software version 2.1 (Bio-Rad Laboratories), following a cycling protocol that consisted of 95˚C for 30 sec, followed by 40 cycles of 95˚C for 10 sec, and 58˚C for 5 sec. Fluorescence readings were taken during the 58˚C step. Quantitative real-time PCR was performed at least three times, and a no-template control was included as a negative control. RT-qPCR was measured using SYBR green (Takara Bio, Inc.) with the following primers: DNMT3b forward, 5'-CCTGCTGAATTACTCACGCCCC-3' and reverse, 5'-GTCTGTGTAGTGCACAGGAAAGCC-3'.
Cell cycle and apoptosis flow cytometry. Cell apoptosis and cell cycle distribution were finally evaluated using the Annexin V-FITC/propidium iodide apoptosis detection kit (Qiagen) and cell cycle kit (Qiagen), according to the manufacturer's instructions. Flow cytometry analyses were also performed on Epics XL (Beckman Coulter, Brea, CA, USA) and processed using the corresponding software.
Cell invasion and migration assay. Cells in the siRNA-transfected group, and siRNA-mock transfected group were detached from culture plates in the absence of trypsin (HyClone, Logan, UT, USA). The cells were resuspended at a density of 2x10 5 cells/ml in DMEM and 200 µl of the cell suspension was added to the upper chamber of an 8-µm pore Transwell insert (Corning Life Sciences, Logan, UT, USA) in triplicate. DMEM culture solution (600 µl) containing 10% FBS was added to the lower chamber of each well and incubated for 24 h at 37˚C. The non-migratory cells on the upper surface of the membrane were removed and the migratory cells were stained in 0.1% crystal violet. To count the migrated cells in five random high-power fields, invasion assays were performed in a similar manner to the migration assays. Transwell inserts with 8-µm pores (Corning Life Sciences) were coated with 100 µl Matrigel (Becton-Dickinson, Franklin Lakes, NJ, USA) that was diluted 1:4 in ice-cold DMEM and left to gel at 37˚C. The cells were resuspended in DMEM and 200 µl of the 5x10 5 cells/ml cell suspension was seeded in the upper chamber. The culture plates were incubated for 48 h at 37˚C, and the cells were stained and counted, as aforementioned.
Western blotting. The expression of DNMT3b and other genes in the cell lines were measured using western blotting. The protein sample was diluted using 5X sample buffer at the ratio of 4:1. Prior to performing SDS-PAGE, the analytical sample was denatured at 100˚C for 5 min. Subsequent to SDS-PAGE, the proteins in the gel were transferred to polyvinylidene fluoride membranes that were incubated in 5% fat-free milk at room temperature to block non-specific proteins. The membranes were then incubated in antibodies against DNMT3b or cyclin D1 rabbit polyclonal antibody (catalog no. sc-753; Santa Cruz Biotechnology, Inc.), and diluted at a ratio of 1:200 at 4˚C overnight. Subsequent to washing with Tris buffered saline with Tween 20 (TBST), consisting of 50 mM Tris base, 0.9% NaCl and 0.05% Tween 20 (pH 7.5), the membranes were incubated in FITC-labeled goat anti-mouse IgG for all test genes solution at 37˚C for 1 h, and diluted at the ratio of 1:8,000. Subsequent to washing with TBST, the membranes were processed using enhanced chemiluminescence and exposed to X-rays for 5 min. β-actin was used as the internal reference.
Methylation-specific PCR (MSP).
Genomic DNA from mock control and DNMT3b-silenced cells was isolated and the 5-methylcytosine residues were chemically converted to uracil by bisulfite treatment. This DNA was subsequently used as a template in PCR reactions with methylation-sensitive and insensitive primer pairs. To ascertain that the employed primer sets reliably distinguished methylated annealing sites from unmethylated sites, genomic DNA was isolated from white blood cells and one-half of the genomic DNA was methylated to saturation with methyltransferase from Spiroplasma sp. strain MQ1, while the other half was used without any processing. In total, 2 mg of genomic DNA was modified by sodium bisulfite treatment at 50˚C for 16 h. Subsequent to the removal of bisulfite and completion of the chemical conversion, this modified DNA was used as a template for PCR. PCR was performed twice for each DNA sample. MSP primers were designed and synthesized by Beijing AuGCT DNASYN Biotechnology, Co., Ltd. (Beijing, China). The sequence of the methylated primer for each gene is listed in Table I .
For the reaction using the methylated primer, DNA was denatured at 95˚C for 30 sec and the PCR products were amplified in the thermal cycle, as follows: 30 sec at 94˚C, 40 sec at 58˚C and 30 sec at 72˚C for 35 cycles; and the final elongation was performed at 72˚C for 4 min. For the reaction using the unmethylated primer, the process was similar, with the exception of the cycles being performed for 30 sec at 94˚C, 40 sec at 55˚C and 30 sec at 72˚C for a total of 35 cycles. The product of MSP was maintained at 4˚C and analyzed by gel electrophoresis.
Statistical analysis. All data are expressed as the mean ± standard deviation. Repeated measures analysis of variance was used to compare the differences between the groups and various times using SPSS software, version 13.0 (Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. Table I . DNA sequences of all primers used in methylation sensitive polymerase chain reaction.
Results
siRNA transfection downregulates the expression of DNMT3b and inhibits the proliferation of SMMC7721 and
Gene
Direction Methylated primer Unmethylated primer
F, forward; R, reverse. (Fig. 1A) revealed a decreased DNMT3b signal in the transfection group. The presence of green fluorescence in the SMMC7721 cells was transfected by control siRNA expression vectors and indicated a high efficiency of transfection (>90%). Western blotting (Fig. 1B) revealed that the expression of DNMT3b was inhibited in the transfection group. The expression of DNMT3b mRNA (Fig. 1C ) was revealed to be decreased in the transfection group compared with the mock control. Prior to siRNA transfection, no significant difference in the cell viability was found between the treated and untreated groups. At 24 and 36 h subsequent to transfection, the survival rate in the transfection group decreased to 71.6 and 53.7%, respectively (Fig. 1D) . Therefore, total protein and genomic DNA was extracted 36 h subsequent to transfection for further analysis.
BEL-7402 cells. Microscopic fluorescent imaging
Downregulation of DNMT3b stimulates cell cycle arrest and enhanced apoptosis.
In cell cycle analysis, the percentage of cells in the G 2 phase in transfection groups was found to be significantly increased (P<0.05). No difference in the G 1 and S phase distribution was observed between the groups ( Fig. 2A and B) . Compared with the negative control, the early apoptosis and late apoptosis rates were increased in groups with decreased DNMT3b expression, across all experimental cell lines (Fig. 2C and D) .
Decreased DNMT3b expression inhibits cell migration and invasion ability. Subsequent to the DNMT3b gene being inhibited, the migration capacity of cells declined, with the cell population migrating through the artificial membrane being decreased compared with the non-transfected group (P<0.05; Fig. 3A and B) . The invasion of tumor cells through the ECM is an important step in tumor metastasis. Therefore, the number of cells migrating through the Matrigel was counted and it was found that, compared with non-transfected cells, the DNMT3b-silenced cells demonstrated significantly decreased invasion (P<0.05; Fig. 3C and D) .
DNMT3b silencing affects the methylation status of genes associated with HCC.
Previous studies have reported that silencing of DNMT3b does not evidently affect the DNA methylation of any of the genes in cells derived from colon cancer (24, 25) . To determine whether the same effect of DNMT3b downregulation is observed in HCC cells, the methylation status of eight tumor suppressor gene promoters was evaluated using MSP. Data from this experiment demonstrated clearly that the genome promoters of the p16 and FHIT genes are hypermethylated and remain hypermethylated even following the decrease in DNMT3b expression (Fig. 4) . By contrast, the copies of genes encoding CCND1, RB1 and CASP8 in the genome of control cells were found to be hypomethylated, and as expected, remained that way even subsequent to the (Fig. 4) . It was also notable that the gene promoters for MTSS1, RASSF1a and APC are differentially methylated on the two alleles. From the nine tumor suppressor genes scrutinized in the present study, it was demonstrated that DNMT3b downregulation resulted in the specific loss of methylation at the promoters of the MTSS1, RASSF1a and APC genes (Fig. 4) .
Discussion
The DNA methylation landscape is substantially altered in cancer, resulting in considerable effects on gene transcription and genomic stability (10). Since DNMTs are enzymes that mediate methylation, dissecting the contribution of the enzymes to the process of tumorigenesis represents an important step towards understanding the mechanisms through which aberrant DNA methylation in cancer is generated (26) . A previous study found that the expression of DNMT3b increased more in the majority of HCC cell lines, particularly in BEL-7402 and SMMC-7721 cells, compared with the normal and pericarcinoma cell lines used (27) . Therefore, the BEL-7402 and SMMC-7721 cell lines were used in the present study. The data revealed that DNMT3b siRNA successfully inhibited the expression of the DNMT3b gene in these two liver cancer cell lines and consequently inhibited the proliferation of transfected cells, stimulated apoptosis and resulted in the accumulation of cells in the G 2 /M phase. Several gene promoter regions were directly regulated by DNMT3b. The present data also revealed that cell proliferation was dramatically affected by reduced DNMT3b levels. This finding was attributed to enhanced apoptosis, suggesting that DNMT3b targets a set of genes with products that inhibit apoptosis. As expected, the apoptosis level of the two cell lines was significantly affected by silencing of the DNMT3 family. The possible cause is that cell-species specificity may influence the apoptotic process. For example, it has previously been reported that p53 is necessary for DNMT to induce cell apoptosis (28) . Secondly, cell apoptosis-associated regulatory genes may be activated by DNMT3 silencing, thereby stimulating apoptosis in HCC cells. Provided that DNMT3b silencing may promote the expression of proapoptotic genes and negatively acting cell cycle regulators, this may be an explanation for the host cells proliferating so poorly (26) .
Additionally, the deficiency of DNMT3b in HCC cells affected the invasive potential of the cells and also significantly compromised the ability of the cells to migrate, which indicates that the expression of the genes that promote cell migration is influenced by DNMT3b-mediated DNA methylation. This phenomenon is not restricted to HCC cells, but has also been observed in cells obtained from human colorectal, breast and lung cancers (29) (30) (31) . These results indicate that inhibition of DNMT3b expression decreases the migration and invasion of HCC cells.
The present study also used the previously identified DNMT3b-regulated genes derived from HCC (32) and other types of cancer (33) , to examine the associations between DNMT and the genes methylated in HCC cells. The most notable aspect of the present findings was that selective loss of DNMT3b led to complete or partial demethylation of the MTSS1, RASSF1a and APC gene promoters. In addition, despite the methylation status of the CCND1, RB1 and CASP8 gene promoters not being determined, the finding that apoptosis and proliferation decreased in response to DNMT3b loss indicates that these gene promoters may also be targeted by DNMTb. As reported by previous studies (31) , it is important to note that although DNMT3b levels were reduced by 75%, the remaining 25% of methylase activity was insufficient to maintain the methylation status of several of the gene promoters. A previous study found that the MTSS1 promoter region was sparsely methylated, and the methylation inhibitors failed to abolish DNMT3b-mediated silencing of MTSS1 (34) . The DNMT3b protein was found to bind directly to the 5'-flanking region of the MTSS1 gene to inhibit transcription (35) . The functional role of MTSS1 was also investigated using in vitro and in vivo tumorigenicity assays (36) . As a result, it was identified that MTSS1 exerted tumor suppressor effects and arrested cells in the G 2 /M phase, but not the G 1 /S phase, of the cell cycle when the expression of MTSS1 was depleted or overexpressed in HCC cells (35) . Another previous study also provided experimental evidence that revealed the direct involvement of δDNMT3B4 in regulating RASSF1a promoter methylation in human lung cancer cells. Knockdown of δDNMT3B4 expression by siRNA resulted in a rapid demethylation of the RASSF1a promoter and recovery in the expression of RASSF1a mRNA. However, the knock-down of δDNMT3B4 demonstrated no effect on the p16 promoter in lung cancer cells (37) . In addition, genetic alterations in the FHIT gene, such as DNA hypermethylation, have been detected in liver cancer cells at a high frequency, with abnormal transcripts and reduced expression at the RNA and protein levels being observed. Therefore, the loss of FHIT expression may be strongly associated with the pathogenesis and establishment of human malignancies (38) (39) (40) . Data from a previous study revealed that DNMT3b siRNA induced an increase in the expression of FHIT, but DNA methylation of the FHIT gene was not influenced by the DNMT3b siRNA (41) . The present data further confirmed this phenomenon. The present results indicated that DNMT3b-mediated regulation of the expression of certain genes may not occur through methylation of the promoter region. Therefore, DNMT3b regulated gene expression, but DNMT3b did not act as a methylase in the present study.
Overall, the present data demonstrate that silencing DNMT3b expression causes hypomethylation of specific sets of gene promoters and increases the expression of distinct sets of genes in HCC cell lines. The results reported in the present study increase the understanding of the mechanisms of DNA methylation regulation in HCC cells. Future development of the study may be useful for assessing the specificity of U, amplified using unmethylated primer; M, amplified using methylated primer; siRNA, small interfering RNA; MSP, methylation-specific polymerase chain reaction. siRNA, small interfering RNA.
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